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Abstract

The mechanisms underlying the formation and rupture of intracranial aneurysms remain unclear. Rupture of the aneurysmal
wall causes subarachnoid hemorrhage, with a mortality rate of 35-50%. Literature suggests that rupture is associated with
the remodeling of the aneurysmal wall, including endothelial cell damage, smooth muscle cells (SMCs) proliferation, and
inflammatory cell infiltration, particularly macrophages. Transforming growth factor p (TGF-p) is a multifunctional factor
that plays a diverse role in cell growth and differentiation. It is crucial for strengthening vessel walls during angiogenesis and
also regulates the proliferation of SMCs, indicating the potential involvement of TGF-f signaling in the pathogenesis and
development of cerebral aneurysms. This review examines the complex role of TGF-p, its receptors, and signaling pathways
in cerebral aneurysm formation and progression. Understanding the molecular mechanisms of TGF-f signaling in aneurysm
development is vital for identifying potential therapeutic targets to prevent aneurysm rupture. Further research is necessary
to fully elucidate the role of TGF-f in aneurysm pathophysiology, which could lead to the development of novel therapeutic
strategies for aneurysm prevention and management, particularly in preventing subarachnoid hemorrhage.
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Introduction

The walls of intracranial arteries differ structurally from
other arteries and are additionally immersed in cerebrospinal
fluid, which may make them more prone to aneurysm for-
mation (Etminan and Rinkel 2016). Brain aneurysms most
commonly form in the anterior part of the circle of Willis,
at the branching points of arteries in the cerebral circula-
tion. At these locations, there is a change in blood flow and
an increase in hemodynamic stress; additionally, the ves-
sel walls are naturally thinner and less elastic (Hashimoto
et al. 2006; Signorelli et al. 2018). Rupture of a cerebral
aneurysm wall causes a subarachnoid hemorrhage, which
leads to death in 35-50% of cases (@stbye et al. 1997; Ingall
et al. 2000). Frosen et al. (2004) demonstrated that aneurysm
rupture is associated with remodeling of its wall, resulting
from endothelial cells (ECs) damage, smooth muscle cells
(SMCs) proliferation, and infiltration of inflammatory cells,
especially macrophages (Frosen et al. 2006). Macrophages
secrete metalloproteinases (MMPs), such as MMP-2 and
MMP-9, which degrade the extracellular matrix in the
wall of the intracranial aneurysm, potentially leading to
its rupture. Additionally, they may release cytokines and
chemokines that recruit other inflammatory cells, such as
lymphocytes, neutrophils, and mast cells, thereby intensi-
fying the chronic inflammatory response (Chalouhi et al.
2013; Signorelli et al. 2018). Proliferation and migration of
cells lead to myointimal hyperplasia, which is a repair and
adaptation mechanism of healthy arterial walls (Intengan
and Schiffrin 2001). However, in the case of aneurysms, this
process contributes to their formation (Frosen et al. 2006).
In recent years, the TGF-p signaling pathway has gained
particular attention because it regulates a wide range of
cellular processes (Moustakas et al. 2002; Morikawa et al.
2016). TGF-p is essential for maintaining the integrity and
function of blood vessels and plays a key role as a molecu-
lar factor fortifying the vessel wall during angiogenesis (Li
et al. 2006; Xu et al. 2019). In pathological conditions, its
significance has been shown in atherosclerosis and heart
attack (Hanna and Frangogiannis 2019), in the development
of inflammation and cancers (Batlle and Massagué 2019),
in immunological diseases (Stalinska and Ferenc 2005). It
has also been associated with diseases of the central nervous
system, particularly with injuries (Mattson et al. 1997; Yun
et al. 2002; Fee et al. 2004), as well as Alzheimer’s disease,
schizophrenia, depression, and multiple sclerosis (Caraci
etal. 2011; Diniz et al. 2019; He et al. 2021; Pan et al. 2022;
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Su et al. 2023; Esmaeilzadeh et al. 2023). Research, par-
ticularly in the last two decades, suggests that TGF-f, as a
multifunctional growth factor, may also be involved in the
formation and development of brain aneurysms (Frosen et al.
2006; Tsai et al. 2009; Vincze et al. 2010; Xu et al. 2019).

Since the pathomechanism of aneurysm formation is not
yet fully understood, the aim of our study was to conduct
a literature review on the role of TGF-f in brain aneurysm
formation.

Search Strategy

We searched the PubMed database for articles on the
involvement of TGF-f in the vascular pathology of brain
aneurysms, published around the past 25 years. During the
search, we limited ourselves to works published in English
and Polish, the native language of the authors. Our review
includes 104 references published between 1997 and 2024.
We used the following keywords and terms: transforming
growth factor, transforming growth factor beta, TGF-f,
TGF-p pathway, TGF-f and intracranial aneurysms, TGF-
beta and brain aneurysms, TGF-beta and subarachnoid
hemorrhage, TGF-beta and vascular smooth muscle cell,
TGF-beta and saccular cerebral artery aneurysms, TGF-beta
and human brain vascular smooth muscle cells, TGF-beta
and brain aneurysm and therapeutic targets. Although this
study does not include experimental validation, the review
of available research provides valuable insights into the role
of TGF-p in brain aneurysm formation and development.
Therefore, the findings should be interpreted as a summary
of existing knowledge rather than newly generated evidence.

Transforming Growth Factors (TGFs) Superfamily

In humans, the TGF-p superfamily consists of 33 members,
which can be further categorized into several subfamilies
(Hanna and Frangogiannis 2019). Transforming growth
factor B (TGF-p) exists in several isoforms, with three rec-
ognized as prototypical: TGF-p1, TGF-p2, and TGF-$3. In
humans, all three isoforms are located on different chromo-
somes: 19q13.2, 1g41, and 14q24, respectively (Govinden
and Bhoola 2003). All types of TGF-f factors share nearly
70% homology in their amino acid sequences (Stalifiska and
Ferenc 2005). This family also includes other polypeptides,
such as activin A, B, and AB; inhibin A and B; bone mor-
phogenetic proteins (BMPs); growth differentiation factors
(GDFs); left-right asymmetry determination factors (nodal,
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lefty-1, and lefty-2); and Miillerian-inhibiting substance/
anti-Miillerian hormone (MIS/AMH) (Fig. 1) (Shi and Mas-
sagué 2003).

TGF-p molecules are homodimeric, with a molecular
mass of 25 kDa, consisting of two subunits, each weighing
12.5 kDa, and connected by disulfide bridges (Staliriska and
Ferenc 2005). Transforming growth factor is synthesized as
a prepropeptide. Through the action of proteases in the Golgi
apparatus, the precursor is cleaved to remove a C-terminal
peptide of 112 amino acids, resulting in the formation of the
mature protein form, known as the latency-associated pro-
tein (LAP), which remains bound to the homodimer of the
mature TGF-p. The complex of the mature form and LAP is
called the small latent complex (SLC). The SLC then binds
to the latent TGF-p binding protein (LTBP), forming the
large latent complex (LLC). LTBP interacts with extracel-
lular matrix proteins and stores TGF-f until it is activated.
TGF-p, present in both the small and large latent complexes,
is unable to bind to receptors and must undergo activation.
Once activated, it functions in an autocrine or paracrine
manner as a soluble factor (Robertson et al. 2015; Zi 2019).
Some members of TGF-f superfamily can be secreted in
their active form and are locally inhibited by antagonists (de
Caestecker 2004; Weiss and Attisano 2013).

TGF-f Receptors

TGF-p receptors are present on nearly all cell types. Mem-
bers of the TGF-p superfamily transmit signals through
serine/threonine kinases associated with transmembrane
receptors, which have a cysteine-rich extracellular N-termi-
nal domain, a single transmembrane domain, and an intra-
cellular C-terminal serine/threonine kinase domain. There

Fig.1 The TGF-f family mem-
bers. BMPs bone morphogenic
proteins, GDF's growth dif-
ferentiation factors, MIS/AMH
Muiillerian-inhibiting substance/
anti-Miillerian hormone, TGF-f
transforming growth factor f3

7

are three main types of membrane receptors: TPR-I, -II, and
-IIT (Table 1), with their respective coding genes located
on chromosomes 9q22.33, 3p24.1, and 1p22 (Derynck and
Feng 1997; Chang et al. 2002; Massagué and Gomis 2006).

Each member of the family selectively binds and trans-
mits signals through its own combination of receptors. Sig-
nal transduction primarily involves the TPR-I and TpR-II
receptors, as well as Smad proteins (similar to mother
against decapentaplegic) (Hata and Chen 2016). Type I
and type II receptors are glycoproteins with molecular
weights of approximately 55 kDa and 70 kDa, respectively.
The extracellular regions of these receptors contain about
150 amino acids, including 10 or more cysteines, which
determine the folding of this region. A unique feature of
type I receptors is a 30-amino acid intracellular region
located just before the kinase domain, known as the GS
domain (GS region), which contains repetitive sequences
of glycine and serine. This GS domain is critical because
its phosphorylation by a type II receptor is essential for
signal transduction (Chang et al. 2002). In human cells,
seven type I receptors have been identified, collectively
referred to as ALKs (ALK1-ALK?7) or activin receptor-like
kinases. For type II receptors, identified proteins include
ActRII (activin receptor type II), ActRIIB, BMPRII (bone
morphogenetic protein receptor), MISRII/AMHRII (Miil-
lerian-inhibiting substance receptor/anti-Miillerian hor-
mone receptor), and TGFBRII (TGFp receptor II). Type
II receptors appear to be the most critical among recep-
tor types, as they are often the first to bind to the TGF-p
ligand, initiating the signaling cascade. The type I receptor
then joins the ligand-type II receptor complex, facilitated
by the previously mentioned phosphorylation of the GS
domain. This phosphorylation subsequently activates the
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Table 1 TGF-f family receptors
and theirs ligands

Ligands

Type I receptors
ALKI1
ALK2
ALK3
ALK4
ALKS
ALK6
ALK7
Type II receptors
ActRII

ActRIIB

BMPRII
MISRIIVJAMHRII
TGFpRII
Type III receptors
Betaglycan
Endoglin
CD109

Activin A, BMP-9, TGF-p1, TGF-p3

Activin A, BMP-6, BMP-7, MIS/AMH, TGF-1, TGF-p2, TGF-f3
BMP-2, BMP-4, BMP-6, BMP-7

Activin A, GDF-1, GDF-11, nodal

TGF-p1, TGF-p2, TGF-p3

BMP-2, BMP-4, BMP-6, BMP-7, GDF-5, GDF-6, GDF-9b, MIS/AMH
Nodal

Activin A, BMP-2, BMP-6, BMP-7, GDF-1, GDF-5, GDF-8, GDF-9b,
GDF-11, Inhibin A, Inhibin B

Activin A, BMP-2, BMP-6, BMP-7, GDF-5, GDF-8, GDF-11, Inhibin
A, Inhibin B, Nodal

BMP-2, BMP-4, BMP-6, BMP-7, GDF-5, GDF-6, GDF-9b
MIS/AMH
TGF-B1, TGF-p2, TGF-p3

BMP-2, BMP-4, BMP-7, GDF-5, Inhibins, TGF-1, TGF-p2, TGF-B3
Activin A, BMP-2, BMP-7, TGF-1, TGF-p3
TGF-p1, TGF-p3

ActRII activin receptor type I, ActRIIB activin receptor type IIB, ALK activin receptor-like kinase, AMH
anti-Miillerian hormone, AMHRII anti-Miillerian hormone receptor type II, BMP bone morphogenic pro-
tein, BMPRII bone morphogenic protein receptor type II, CD cluster of differentiation, GDF growth differ-
entiation factor, MIS Miillerian-inhibiting substance, MISRII Miillerian-inhibiting substance receptor type
II, TGF-p transforming growth factor f, TGFSRII TGFp receptor type 11

type I receptor kinase, which then phosphorylates cyto-
plasmic effectors to initiate intracellular signaling cas-
cades involving Smad proteins. The Smad proteins migrate
to the cell nucleus, where they regulate the expression
of target genes, leading to changes in cellular processes
such as proliferation, differentiation, apoptosis, and oth-
ers. Certain isoforms within the TGF-f§ family can bind
to more than one type of receptor (Govinden and Bhoola
2003). Research into the mechanisms of TGF-p-induced
signaling has revealed that, in addition to the roles of type
I and type Il receptors, certain proteins located on the cell
membrane—referred to as auxiliary or accessory recep-
tors, also known as type III receptors—play a significant
role in this process (Rotzer et al. 2001). These receptors
have a significantly higher molecular weight than type I
and type II receptors. They are either transmembrane pro-
teins or are anchored to the cell membrane via glycolip-
ids. With an extensively developed extracellular domain
capable of binding ligands, they lack a functional sign-
aling domain. Three main type III receptors have been
identified: betaglycan (TGFBRIII), endoglin (CD105 anti-
gen), and CD109 antigen. Endoglin and betaglycan share
segments with similar nucleotide sequences, suggesting
functional similarities between them. Type III receptors
primarily modulate signal intensity by forming complexes
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with ligands and presenting them to the appropriate recep-
tors. Betaglycan, a transmembrane proteoglycan with a
molecular weight of 280-330 kDa, forms dimers stabi-
lized by non-covalent bonds. About two-thirds of its mass
is contributed by glycosaminoglycans (GAGs), including
heparan sulfate and chondroitin sulfate. In human cells,
betaglycan has an affinity for all three TGF-f isoforms and
interacts with molecules such as inhibins, BMP2, BMP4,
BMP7, and GDF-5. It has been shown that, in addition to
binding TGF-f ligands, betaglycan also interacts with the
type II receptor (TGF-BRII), to which it likely presents
a specific ligand. It is speculated that betaglycan may be
crucial for effective TGF-p2 signal transduction due to
the low affinity of this isoform for its TGF-BRII receptor.
In this context, betaglycan acts as a co-receptor. Endoglin
is structurally related to betaglycan, but its monomers are
covalently linked by disulfide bonds. Endoglin is primarily
found in endothelial cells. The endoglin molecule has the
ability to bind TGF-B1 and TGF-f3 isoforms, as well as
activin A, BMP-2, and BMP-7. Notably, all ligands, except
for TGF-B1 and TGF-B3, bind to endoglin only in the pres-
ence of their corresponding type II receptor (Derynck and
Feng 1997; Rotzer et al. 2001; Chang et al. 2002; Nickel
et al. 2018).



Cellular and Molecular Neurobiology (2025) 45:46

Page50f15 46

Smad Proteins

The Smad protein family is divided into three types: recep-
tor-activated Smads (R-Smads), which include Smad-1, -2,
-3, -5, and -8; common mediator Smads (Co-Smads), with
Smad-4 as the sole representative; and inhibitory Smads
(I-Smads), which include Smad-6 and -7. Signaling through
Smad proteins occurs in several stages. First, the ligand (e.g.,
TGEF-P) binds to the type II receptor, which then phospho-
rylates the type I receptor. The activated type I receptor
phosphorylates the R-Smad proteins, which subsequently
form a complex with Smad-4 (Co-Smad). This complex
translocates to the cell nucleus, where it interacts with other
regulatory proteins and transcription factors, initiating the
activation and expression of specific target genes. Inhibi-
tory Smad proteins, Smad-6 and Smad-7, bind to receptors
or R-Smads, preventing their phosphorylation and thereby
inhibiting signaling at the receptor level (Ruiz-Ortega et al.
2007).

Canonical (Smad-Dependent) and Non-canonical
(Smad-Independent) Cascade of TGF-

TGF-p signaling pathways are crucial for regulating numer-
ous cellular processes. TGF-f signaling occurs through two
main pathways: the canonical (Smad-dependent) pathway
and the non-canonical (Smad-independent) pathway. Each
pathway leads to different cellular responses and involves
distinct signaling proteins. The canonical TGF-f signaling
pathway involves the activation of Smad proteins, as previ-
ously discussed. In brief, this process begins with the bind-
ing of the ligand to the type II receptor, followed by phos-
phorylation of the type I receptor. This activates R-Smad
proteins, which then bind to Smad-4, forming a complex
that translocates to the cell nucleus. This complex triggers
specific cellular responses. Key functions of the canonical
pathway include regulating the immune response, control-
ling cell differentiation, and inhibiting cell proliferation. The
non-canonical TGF-f pathway involves alternative signal-
ing pathways activated by TGF-f receptors, without the
involvement of Smad proteins. Although both pathways can
be activated independently, they can also function simul-
taneously. The mechanisms of the non-canonical pathway
include signaling through MAPK (mitogen-activated pro-
tein kinase) pathways, such as ERK (extracellular signal-
regulated kinase), the PI3k/Akt pathway, the RhoA/ROCK
(Rho-associated kinase) pathway, the TAK1/NF-xB (TGF-
B-Activated Kinase 1) pathway, as well as the p38 and INK
pathways. Non-canonical pathways associated with MAPK
and RhoA/ROCK are crucial for cell mobility and cytoskel-
etal changes. The PI3K/Akt pathway plays a key role in
enhancing cell resistance to apoptosis, while the activation
of p38 and JNK kinases is involved in the cellular stress

response. Both the canonical and non-canonical pathways
are essential for the proper functioning of cells (Derynck
and Zhang 2003; Rahimi and Leof 2007; Guo and Wang
2009; Stipursky et al. 2012; Weiss and Attisano 2013; Diniz
et al. 2019).

Transforming Growth Factor 8 (TGF-B)

TGF-f is produced by a wide range of cell types, including
T lymphocytes, macrophages, epithelial cells, fibroblasts,
keratinocytes, and platelets (Shi and Massagué 2003). In the
central nervous system, TGF-f is primarily synthesized by
astrocytes (Diniz et al. 2019). The role of TGF-f is multifac-
eted and depends on the specific cells it affects, as illustrated
in Fig. 2 (Li et al. 2006; Travis and Sheppard 2014; Liu
et al. 2019; Larson et al. 2020; Kim et al. 2021; Stolfi et al.
2021; Tie et al. 2022). The TGF-p superfamily members are
essential for regulating cell survival, differentiation, prolif-
eration, and function. Moreover, it has been linked to the
control of inflammatory and reparative responses (Agrawal
2013; Frangogiannis 2017; Hanna and Frangogiannis 2019).
TGF-p promotes the growth, differentiation, inhibition, and
downregulation of vascular smooth muscle cells (SMCs)
(Agrawal 2013). TGF-f has dual properties: it can stimulate
the division of mesenchymal cells, like fibroblasts, as well
as inhibit cell division in other types, such as endothelial
cells (ECs) (Chen et al. 2002; Siegel and Massagué 2003;
Staliiska and Ferenc 2005). TGF-p induces the expression
of genes responsible for producing fibrillar collagen and
elastin. Furthermore, TGF-p upregulates the expression
of connective tissue growth factor (CTGF), which in turn
initiates various cellular processes, including cell prolifera-
tion, adhesion, migration, and extracellular matrix synthesis
(Shih et al. 2003; Agrawal 2013). It also regulates immune
responses and directs cells into the apoptotic pathway
(Staliriska and Ferenc 2005). TGF-p plays a crucial role in
angiogenesis by stimulating extracellular matrix synthesis
and supporting tissue repair and wound healing processes
(Shah et al. 1999; Staliriska and Ferenc 2005; Li et al. 2006;
Morikawa et al. 2016; Larson et al. 2020; Tie et al. 2022).
TGF-B1 can exhibit both pro-angiogenic and anti-angiogenic
effects, depending heavily on the context. Low concentra-
tions of TGF-B1 promote endothelial cell (EC) proliferation
and migration, whereas high concentrations inhibit these
processes by increasing the expression of angiogenesis
inhibitors, such as plasminogen activator inhibitor-1 (PAI-1),
a potent inhibitor of EC migration (Vifials and Pouysségur
2001; Derynck and Zhang 2003).

Normal Cerebral Arteries

Intracranial arteries are composed of three layers: the inner,
middle, and outer layers, the latter known as the adventitia.

@ Springer
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The inner layer faces the lumen of the vessel and is in direct
contact with the flowing blood. It consists of a single layer
of endothelial cells (ECs), subendothelial connective tissue,
and the internal elastic lamina (IEL). In a normal intracra-
nial artery, the internal elastic lamina is well-preserved and
uniform. It is primarily composed of elastin, but also con-
tains collagen, proteoglycans, and glycoproteins. The middle
layer of the vessel is mainly made up of smooth muscle cells
(SMCs) that produce the extracellular matrix (ECM), with
type III collagen as its main component. The adventitia is
the outermost layer, containing a complex network of type I
collagen fibers, elastin, nerves, and fibroblasts, which form
the external elastic lamina (EEL). Additionally, intracranial
arteries are surrounded by cerebrospinal fluid. It is thought
that the structural characteristics of cerebral vessels, along
with their immersion in this fluid, may increase the suscep-
tibility of cerebral arteries to aneurysm formation (Fig. 3A)
(Etminan and Rinkel 2016).

Aneurysmal Cerebral Arteries

Studies based on animal models and clinical research have
identified several pathological changes in the structure of
arterial vessels that may lead to aneurysms formation and
rupture. Three types of cells are involved in this process,
playing a key role: endothelial cells, vascular smooth mus-
cle cells, and leukocytes. Literature data suggest that the
formation of an aneurysm is a distinct process from the
mechanisms that lead to its rupture. The morphological
changes in the vessel wall differ between unruptured and
ruptured saccular cerebral artery aneurysms (SCAAs). The
wall of an intact SCAAs can remain undamaged for many
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years, underscoring the presence of robust maintenance and
repair mechanisms. However, before rupture, the arterial
vessel wall becomes unstable, undergoing morphological
changes (Frosen et al. 2004). Studies on aneurysm walls
have shown that thicker, intima-like walls are generally asso-
ciated with unruptured aneurysms, especially in younger
patients, with more efficient repair mechanisms. In contrast,
thinner, degenerated walls containing hyaline deposits are
more prone to rupture. The histology of unruptured saccular
intracranial aneurysm walls often resembles myointimal or
neointimal hyperplasia (Kataoka et al. 1999). Hemodynamic
stress causes damage to endothelial cells, which initiate an
inflammatory response through NF-kB signaling (Liu et al.
2019; Kaminska et al. 2022b). This leads to fragmentation,
partial degradation, and even complete loss of the internal
elastic lamina (Krings et al. 2011). Additionally, the lumi-
nal surface of the intima in an aneurysmal vessel shows
numerous indentations and may even have small gaps at the
junctions between endothelial cells and the vessel lumen
(Dréghia et al. 2008). The degradation or loss of the internal
elastic lamina enables smooth muscle cells from the medial
layer of the aneurysmal vessel to migrate into the intima.
SMCs undergo a "phenotypic switch" from a contractile to
a synthetic type. Intimal SMCs in the synthetic phenotype
secrete matrix metalloproteinases (MMPs), which degrade
components of the extracellular matrix, potentially weaken-
ing the vessel wall through structural remodeling. On the
other hand, these SMCs also proliferate and contribute to
the production of collagen and other matrix components,
which may reinforce the vessel wall. The SMCs of synthetic
phenotype in the wall are likely to contribute with their pro-
liferation and matrix synthesis to the adaptation and repair
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Fig.3 A Structural features of the normal cerebral artery. B Structural features of the aneurysmal cerebral artery. CSF cerebrospinal fluid, ECs
endothelial cells, ECM extracellular matrix, EEL external elastic membrane, /EL external elastic lamina, SMCs smooth muscle cells

processes that try to maintain sufficient strength of the wall
to resist hemodynamic stress. Myointimal hyperplasia is
often regarded as a “wound-healing response” of the vas-
cular wall (Thyberg 1998; Frosen et al. 2004; Frosen 2014;
Fennell et al. 2016).

The loss of mural cells, extracellular matrix degeneration,
inflammatory cell infiltration, and activation of the humoral
immune system impart a pro-inflammatory and pro-remod-
eling character to the wall, which are hallmark features of
ruptured aneurysm wall (Kataoka et al. 1999; Frosen et al.
2004; Tulamo et al. 2006; Frosen 2014). The appearance
of smooth muscle cells in the aneurysmal vessel changes
from spindle-shaped to a more spider-like form, leading
to the loosening of smooth muscle cell bands (Chalouhi
et al. 2012; Song et al. 2018). Additionally, in the necks
and domes of cerebral aneurysms, there may be increased
degeneration, apoptosis, and necrosis of smooth muscle
cells. Necroptosis, a newly described type of cell death, like
apoptosis can occur in a programmed manner and has been
associated with aortic aneurysms due to the death of smooth
muscle cells (Wang et al. 2015). The irregular surface of

the intimal lumen promotes the migration of leukocytes,
including macrophages, T and B lymphocytes, neutrophils,
mast cells, and platelets into the vessel lumen. This response
is associated with the inflammation. An increased polari-
zation of pro-inflammatory M1 macrophages is observed,
which play a crucial role in the pathological remodeling of
the vessel. These macrophages excessively secrete enzymes
that degrade the extracellular matrix, as well as cytokines
and chemokines that activate and recruit other inflamma-
tory cells, thereby driving and sustaining chronic inflamma-
tion in the aneurysmal vessel. The increased inflammatory
state in endothelial cells, compromised cell integrity, ongo-
ing infiltration of inflammatory cells, disintegration, and
increased necrosis/apoptosis/necroptosis of vascular smooth
muscle cells, along with the degradation of the extracellu-
lar matrix, ultimately lead to the rupture of the aneurysmal
vessel. Frosen et al., in their studies, identified four histo-
logical types of SCAA aneurysm wall types: 1) an endothe-
lial wall with linearly organized smooth muscle cells; 2) a
thickened wall with disorganized smooth muscle cells; 3) a
hypocellular wall with miointimal hyperplasia or organizing
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thrombosis; 4) an extremely thin hypocellular wall lined
with thrombosis, which reflect consecutive stages of wall
degeneration. Loss of SMCs and absence of intimal hyper-
plasia in vessels exposed to pro-inflammatory, proteolytic
conditions and hemodynamic stress are critical factors in the
development of cerebral aneurysms. These conditions sur-
pass the repair capacity of the damaged extracellular matrix
within the arterial wall, ultimately leading to rupture. Stud-
ies suggest that the wall of ruptured aneurysms is fragile due
to loss of SMCs and degradation of matrix proteins, which
is likely due to infiltration of inflammatory cells into the
aneurysm wall. The factors distinguishing unruptured from
ruptured SCAAs include decellularization, apoptosis, degen-
eration of the wall matrix, de-endothelialization, thrombus
organization, and inflammatory cells infiltration (Fig. 3B)
(Chyatte et al. 1999; Intengan and Schiffrin 2001; Frosen
et al. 2004, 2006, 2012; Chalouhi et al. 2012; Frosen 2014).

Role of the TGF-p Pathway in the Formation
and Progression of Cerebral Aneurysms

In various cell types within cerebral vessels, the TGF-p path-
way plays a pleiotropic role. TGF-f1 is the most extensively
studied member of the TGF-f superfamily in the context of
cerebral aneurysms. The significance of TGF-f in vascular
pathology is evidenced by Loeys-Dietz syndrome, a condi-
tion associated with mutations in TGF-p pathway genes (pri-
marily TGFBR1, TGFBR2, SMAD3, and TGFB2). These
mutations result in severe vascular phenotypes in patients,
often leading to bleeding and, in many cases, aneurysm dis-
section. Approximately one-third of deaths in patients with
Loeys-Dietz syndrome are due to cerebral hemorrhage, with
an overall prevalence of cerebral aneurysms as high as 28%
in this population (Loeys et al. 2006; Rodrigues et al. 2009;
Vanakker et al. 2011; Kim et al. 2016). In studies on mouse
models, Itoh et al. and Crist et al. (Itoh et al. 2012; Crist
et al. 2018) demonstrated that the loss of TGF-f pathway
genes in endothelial cells deactivates Smad2/3 or Smad4,
leading to vascular abnormalities. These findings high-
light the essential role of TGF-f in the proper functioning
of endothelial cells (Itoh et al. 2012; Crist et al. 2018). In
familial cases of cerebral aneurysms, Santiago-Sim et al.
(Santiago-Sim et al. 2009) identified rare variants in type
IITI receptors, specifically in endoglin (ENG variant p.A60E)
and betaglycan (TGFBR3 variant p.W112R). The authors
suggest that, although these polymorphisms are unlikely to
represent primary susceptibility genes for cerebral aneurysm
formation, they may contribute to the pathogenesis of aneu-
rysm development within the context of the TGF-f signaling
pathway (Santiago-Sim et al. 2009).

High wall shear stress (WSS) and a positive WSS gradi-
ent are factors initiating aneurysm formation, as they are
linked to the disruption of the internal elastic lamina and
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degeneration of SMCs layer. Notably, studies using animal
models have confirmed that aneurysm initiation occurs in
regions of high WSS (Meng et al. 2007). Smooth muscle
cells involved in the remodeling of the aneurysmal vascular
wall express receptors for growth factors such as TGF-f and
platelet-derived growth factor B (PDGF-B). These growth
factors are secreted by infiltrating leukocytes, particularly
macrophages, which drive SMC proliferation and matrix
synthesis. Continuous macrophage activation not only
stimulates SMCs but also induces the secretion of matrix
metalloproteinases, inflammatory cytokines (e.g., IL-6 and
IL-8), and chemokines, such as macrophage chemotactic
protein-1 (MCP-1), thereby promoting wall expansion and
inflammation (Kaminska et al. 2020, 2021, 2022a). Once ini-
tiated, this activation is sustained through an autocrine loop,
in which prostaglandin E2 (PGE2), via cyclooxygenase-2
(COX-2), activates nuclear factor kappa B (NF-kB), leading
to increased MCP-1 and COX-2 expression and the recruit-
ment of additional macrophages (Kaminska et al. 2022b,
2024). This feedback cycle may explain why aneurysm wall
remodeling persists even after pathological flow has nor-
malized (Frosen et al. 2004, 2019; Frosen 2014). Therefore,
the changes in shear stress that contribute to the formation
of cerebral aneurysms can lead to an increase in TGF-f1
expression (Nanjo et al. 2006). When the internal elastic
lamina is lost due to the infiltration of inflammatory cells,
and the collagen matrix is damaged to the point where the
primary aneurysm can bulge, the aneurysm may begin to
enlarge. While prolonged proteolytic damage by infiltrating
macrophages, without concurrent remodeling of the colla-
gen matrix, does not lead to significant aneurysm growth
but may result in rupture, even of a small aneurysm (Frosen
et al. 2019).

Darsaut et al. demonstrated that even a modest increase
in TGF-B1 expression at the aneurysm neck following
stent placement may provide a molecular explanation for
the enhanced neointimal formation observed in aneurysm
pathology (Darsaut et al. 2006). Studies in animal models
and human tissue have shown that canonical TGF-f/Smad3
signaling is upregulated following arterial injury, converting
TGF-1 into a stimulator of smooth muscle cell proliferation
(Edlin et al. 2009; Tsai et al. 2009). DiRenzo et al. (DiRenzo
et al. 2016) proposed a new mechanism in which elevated
TGF-p1/Smad3 signaling stimulates the secretion of canoni-
cal Wnt proteins (Wnt2b, 4, 5a, and 9a), which in turn
increases smooth muscle cell proliferation through B-catenin
stabilization. The authors emphasize that this interaction
between the canonical TGF-B1/Smad3 and Wnt/p-catenin
pathways promotes smooth muscle cell proliferation and
is associated with intimal hyperplasia in the vessel wall
(DiRenzo et al. 2016). In contrast, studies by Xu et al. (Xu
et al. 2018), provide different findings. The authors observed
inhibition of smooth muscle cell proliferation in response
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to increased TGF-f1 expression regulated by hypoxia-
inducible factor 1a-antisense RNA (HIF1A-AS1) in patients
with intracranial aneurysms (DiRenzo et al. 2016). They
observed a significant correlation between increased TGF-
B1 expression and HIF1A-AS1 in patients with aneurysms,
with no such association in the control group, suggesting the
existence of an intracranial aneurysm-specific interaction
between TGF-B1 and HIF1A-AS1 (Xu et al. 2018). Studies
by other authors (Liu et al. 2016; Tan et al. 2020) empha-
size the role of the TGF-P1 pathway in the development of
cerebral aneurysms in the context of increased expression
of SPARC (secreted protein acidic and rich in cysteine). The
authors demonstrated high SPARC expression, particularly
in smooth muscle cells of the aneurysmal vessel. They sug-
gest that this may contribute to damage of the medial layer
and the internal elastic lamina (Liu et al. 2016; Tan et al.
2020). Smooth muscle cells and their extracellular matrix
provide essential structural support to cerebral arteries, and
their dysfunction plays a critical role in aneurysm forma-
tion and progression. In a human brain vascular smooth
muscle cell (HBVSMC) model, Tan et al. demonstrated that
SPARC protein enhances NOX4 expression through the
TGF-B1-dependent signaling pathway. This process leads
to increased oxidative stress, a pro-inflammatory matrix,
and apoptosis of HBVSMCs. The study further showed that
SPARC induces phenotypic transformation and apoptosis in
HBVSMCs via the TGF-pf1-NOX4-ROS pathway, contribut-
ing to the development of intracranial aneurysms (Tan et al.
2020). The TGF-f serves as the primary positive regulator of
NOX4 expression, with its stimulation intensity correlating
with elevated production of reactive oxygen species (ROS)
(Martin-Garrido et al. 2011; Xu et al. 2014; Liu et al. 2016).
Excessive oxidative stress is recognized as a key driver of
SMCs apoptosis and inflammatory phenotypic changes,
leading to the weakening of the arterial wall. This process
results in vascular wall degradation through the secretion
of MMPs and inflammation mediated by the MCP-1 of leu-
kocytes, particularly macrophages. The subsequent release
of additional MMPs further intensifies the inflammatory
response (Laaksamo et al. 2013; Frosen 2014). Apoptosis,
as a form of programmed cell death in human intracranial
aneurysms, was first evaluated by Sakaki et al. (Sakaki et al.
1997). The loss of vascular SMCs reduces the mechanical
strength of blood vessel walls and diminishes collagen syn-
thesis, impairing the wall’s self-repair capacity to the point
of allowing the outward bulging of the initial aneurysm,
the aneurysm may start to enlarge and eventual rupture.
(Sakaki et al. 1997, Kataoka et al. 1999; Frosen et al. 2004;
Laaksamo et al. 2013). Pentimalli et al. demonstrated a sig-
nificantly higher level of apoptosis in ruptured aneurysms
compared to unruptured lesions. The authors suggest that
rupture is more closely associated with the increased level
of apoptosis than with the size of the aneurysm (Pentimalli

et al. 2004). Long-term proteolytic damage by infiltrating
macrophages in the absence of concomitant loss of SMCs
and collagen matrix remodeling is unlikely to result in sig-
nificant aneurysm growth and may instead lead to rupture
of smaller aneurysms (Frosen et al. 2019).

TGF-p receptors (TPR-II and TPR-III) are upregulated
in the damaged arterial wall, forming a heterodimer that
enhances fibrosis by increasing extracellular matrix synthe-
sis upon activation by TGF-f1 (Wells et al. 1997). Blocking
TGF-B1 signaling with a soluble TPR-II receptor leads to
enlargement of the damaged vessel due to reduced matrix
synthesis (Ryan et al. 2003). Frosen et al. (Frosen et al. 2006)
emphasize that in aneurysmal vessels, the upregulation of
TPR-III and TPR-II receptors occurs in response to risk fac-
tors for aneurysm rupture. Interestingly, the authors found
that, unlike damaged extracranial arteries, TPR-I recep-
tor was not present in the walls of intracranial aneurysms.
Immunohistochemical studies revealed increased expression
of growth factor receptors in cells infiltrating the aneurys-
mal lumen, forming clots, as well as in polymorphonuclear
inflammatory cells recruited to the vessel wall. The TPR-II
receptor was significantly associated with the rupture of sac-
cular cerebral artery aneurysms, while TBR-III was linked to
the remodeling of the aneurysmal wall (Frosen et al. 2006).

Therapeutic Potential of the TGF-$ in Brain
Aneurysms

Aneurysm growth and rupture are closely associated with
the breakdown of the extracellular matrix and the loss of
smooth muscle cells within cerebral vessels (Miyata et al.
2020). Research on various cardiovascular diseases has dem-
onstrated that local activation of TGF-f signaling pathway
may serve as a therapeutic target by stabilizing plaque phe-
notypes (Lutgens et al. 2002; Miyata et al. 2020). TGF-f,
recognized as a multipotent growth factor, stimulates the
expression of genes encoding fibrillar collagen and elastin.
It plays a pivotal role in vascular collagen remodeling by
promoting collagen synthesis and inhibiting its degradation
via the TGF-p1-Smad2/3 signaling pathway (Miyata et al.
2020). Furthermore, TGF-f contributes to vascular smooth
muscle cell growth and differentiation while simultaneously
suppressing inflammation and attenuating inflammatory
responses (Agrawal 2013).

Frosen et al. investigated the remodeling and rupture of
the SCAA wall in relation to the expression of 12 growth
factor receptors that regulate vascular wall remodeling.
Their findings suggested that TGF-f, vascular endothelial
growth factor (VEGF), and basic fibroblast growth factor
receptors could be potential targets for bioactive endovas-
cular implants or pharmacological interventions aimed at
reinforcing the SCAA wall. They emphasized that these
growth factors might stimulate myointimal hyperplasia
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while suppressing degenerative remodeling, ultimately
reducing the risk of rupture [7].

Agrawal, utilizing an experimental rat aneurysm
model, further highlighted the therapeutic potential of
growth factors in aneurysm treatment. The study demon-
strated that coils coated with TGF-p and VEGF enhanced
clot organization and cellular proliferation, significantly
improving the closure of large experimental aneurysms.
The authors emphasized that TGF-f released from the
coils played a pivotal role in inducing fibrosis, thereby
contributing to the stabilization of vascular structures
(Agrawal 2013). Another study demonstrated that plati-
num coils coated with TGF-1 provided early cellular
coverage within experimental aneurysms in rabbits fol-
lowing endovascular treatment (de Gast et al. 2001).

Intriguingly, in an animal model of intracranial
aneurysms, the inhibition of Ets-1, a regulator known
to strongly suppress TGF-p1-induced type-I collagen
expression, was shown to prevent IA progression (Czu-
wara-Ladykowska et al. 2002). Similarly, another study
highlighted the potential for minimally invasive molecular
therapy targeting the inhibition of NF-xB and Ets-1 for
TAs in humans (Aoki et al. 2012).

Moreover, a recent study utilizing an animal model
and human vascular wall tissue specimens demonstrated
that the administration of osteoprotegerin (OPG) sup-
pressed the progression of intracranial aneurysms through
a unique mechanism involving the activation of collagen
biosynthesis and vascular SMCs proliferation via TGF-
B1, without altering pro-inflammatory gene expression.
The authors reported the colocalization of OPG and
TGF-B1 expression in human unruptured intracranial
aneurysms. They revealed that endogenous OPG in these
unruptured intracranial aneurysms promotes the prolif-
eration of SMCs and their abundant distribution through
TGF-p1-Smad2/3 signaling (Miyata et al. 2020; Hashi-
moto et al. 2024).

Supriya et al. (Supriya et al. 2022) observed that sig-
nificantly reduced expression of selected miRNAs (miR-
26b, miR-199a, miR-497, miR-365) can notably modu-
late several genes within the TGF-p and MAPK signaling
cascades. This modulation may influence inflammatory
processes, extracellular matrix degradation, and smooth
muscle cell apoptosis, ultimately leading to damage and
rupture of the cerebral vessel wall (Supriya et al. 2022).
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Taking the above into account, TGF-p and its asso-
ciated pathways demonstrate significant therapeutic
potential in the treatment of intracranial aneurysms by
promoting vascular remodeling, enhancing collagen bio-
synthesis, and stabilizing vascular structures, while also
serving as promising targets for innovative molecular
therapies and bioactive implants.

Future Research Directions

Recognizing that the mechanisms behind aneurysm forma-
tion and rupture differ, a significant challenge for future
studies is the development of accurate and easily accessi-
ble diagnostic tools to distinguish patients requiring inter-
vention from those who can be safely monitored. Another
crucial focus should be further studies, particularly those
based on human tissue, to precisely determine the role
of TGF-p in the formation, progression, and rupture of
intracranial aneurysms. Understanding these mechanisms
is essential for designing targeted therapies aimed at pre-
venting aneurysm growth and rupture in the context of
TGF-f. It is highly probable that different pharmaceuti-
cal or biological interventions will be necessary to effec-
tively prevent the formation and rupture of intracranial
aneurysms.

Conclusion

In conclusion, the role of TGF-f, its receptors, and signal-
ing pathways in the pathogenesis and progression of cer-
ebral aneurysms is complex and remains not fully eluci-
dated. Further research is essential, particularly regarding
the potential of TGF-f as a therapeutic target to prevent
the most severe complication of cerebral aneurysms, suba-
rachnoid hemorrhage. A comprehensive understanding of
the molecular mechanisms underlying aneurysm forma-
tion, especially in the context of TGF-f signaling, could
significantly contribute to the development of effective
strategies for aneurysm prevention and treatment. This
review emphasizes the importance of continued investi-
gation in this area and provides a foundation for future
studies aimed at exploring TGF-p as a potential target for
therapeutic intervention (summarized in Fig. 4).
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Fig.4 Impact of the transforming growth factor f (TGF-p) on brain
aneurysm formation and development. HIF/A-ASI hypoxia-inducible
factor-lo—antisense RNA 1, HIF-la hypoxia-inducible factor-1a,
MAPK mitogen-activated protein kinase, miR microRNA, NOX4
NADPH, oxidase 4; RNA ribonucleic acid, SMAD3 SMAD3 gene,
SMCs smooth muscle cells, SPARC secreted protein acidic and rich
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